Phenylalanine hydroxylase (PAH) is a non-heme iron and tetrahydrobiopterin-dependent enzyme that catalyzes the hydroxylation of L-phenylalanine to L-tyrosine using dioxygen as additional substrate. The cofactor tetrahydrobiopterin accepts one of the oxygen atoms of dioxygen during catalysis and also seems to be involved in prereduction of the active site iron from the ferric to the activated ferrous form. Structures of the truncated form of PAH in complex with substrate and cofactor are available, but the oxygen binding site and the actual mechanism of electron transfer are uncertain. It is believed that dioxygen binds directly to the metal, where it is activated, and several reaction mechanisms involving end-on binding of 0 2 have been proposed based on both experimental studies and quantum mechanical calculations. However, in this work we aimed to investigate the possibility of side-on binding of dioxygen to the iron. Furthermore, NMR and recent high-resolution crystallographic studies also place the cofactor in closer proximity to the iron, challenging the mechanistic conclusions from earlier crystallographic and computational studies. In this paper we report preliminary results from a density functional theory (DFT) study of the coordination of dioxygen to a structural model of PAH based on a recent crystallographic structure. These results are compared with existing computational and experimental data and their implications for the mechanism of the PAH-reaction are discussed. Particular attention is paid to the binding-mode of dioxygen and the iron-cofactor distance.
Introduction
The reaction catalyzed by phenylalanine hydroxylase (PAH; phenylalanine 4-monooxygenase) (EC 1.14.16.1) involves the incorporation of one of the oxygen atoms from dioxygen into the substrate L-Phe, converting it to L-Tyr, and the other into the cofactor BH 4 (1, 2). The active site iron in the ferrous state is believed to be responsible for the activation of oxygen prior to the disruption of the dioxygen bond. Initial crystallographic studies showed that in the resting enzyme the oxidized iron is coordinated by two histidines (His285 and His290) and one glutamic acid (Glu330) in addition to three water molecules, forming a six-coordinate octahedral iron environment (3). Subsequently, the binding site for both the cofactor and the amino acid substrate in PAH was first solved by a combination of NMR and molecular modelling (4) and Many experiments have been carried out in order to delineate the catalytic mechanism of the aromatic amino acid hydroxylases (AAH), but little experimental evidence has been presented about the exact nature of the reaction. Despite this, several mechanisms of hydroxylation have been proposed for the AAH (1,2, 7, 9-13) although the actual catalytic mechanism, including the chemical nature of the hydroxylating intermediate, is still not clear. It has been proven for the catalytic cycle in mammalian PAH that the iron atom, which is in the ferric form in the isolated enzyme, is prereduced to its ferrous form by the pterin cofactor prior to catalysis (1, 14) . For tyrosine hydroxylase (EC 1.14.16.2, TH) it has also been shown that the steady-state kinetic mechanism is sequential with the tetrahydropterin cofactor binding first, followed by molecular oxygen and then the substrate (15) . The steady-state kinetic mechanism of PAH seems to be sequential as well, with some degree of randomness in the order of substrate addition ( 1, 14). For PAH from the bacterium C. violaceum it has recently been reported that the mechanism is fully ordered, with the cofactor binding the active site first, L-Phe second and dioxygen last ( 16) . It seems clear for both enzymes that no product or intermediate is released prior to the binding of all the three substrates ( 1 ). Formation of a quaternaiy PAH-Fe(ll)BH 4 L-Phe0 2 complex also trims the iron atom for catalysis ( 1 7). The first observable product of the pterin cofactor in the TH and PAH catalyzed reactions is a 4a-hydroxy-tetrahydropterin in which the oxygen atom in position 4a is derived from molecular oxygen (1, 10, 18) . The other half of the oxygen molecule is found in the hydroxylated product (L-Tyr). It has been postulated that a Fe lx =0 complex is an intermediate in the reaction mechanism (12) . The existence of Fe IN -0 has been verified in model compounds by a combination of Mössbauer and X-ray absorption spectroscopy ( 19, 20 turn is believed to be responsible for the hydroxylation of the aromatic amino acid.
Our group has investigated the binding of BH 4 and L-Phe to PAH by NMR (4). It was postulated that the cofactor directly coordinates the active site iron, most probably replacing one of the coordinated water molecules. L-Phe was found to bind in the second coordination sphere of the iron (4). The crystal structure of the ferrous binary complex of the enzyme with BH 4 showed, however, that in this state the iron was sixcoordinate with three bound water molecules (6). Later, the complex with BH 4 and a substrate analogue was reported to have only one water molecule bound to the ferrous iron and Glu330 coordinated in a bidentate manner, giving rise to a fivc-coordinatc metal atom (7) . However, in a repeated study with higher resolution, the ferrous iron appeared to have no water molecules coordinated, rendering the iron in a four-coordinate configuration with the partially negatively charged keto-oxygen atom of the BH 4 cofactor at a distance of 3.1 A from the iron (8) . Thus, these recent crystallographic investigations indicate fewer, if any, coordinated water molecules, as well as a tighter association between iron and cofactor. Nevertheless, the coordination number of the iron prior to catalysis is not completely clarified and in the present study we have performed quantum chemical investigations based on DFT to investigate this issue. Our results are discussed and compared to existing computational and experimental data. The implications of a different dioxygen binding mode and a tighter association of the cofactor on the reaction mechanism are discussed.
Methods
The structure of the complexes of PAH with the substrate and pterin cofactor was analyzed using the Insightll software package and WebLabViewer (both from Accelrys Inc.). The quantum chemical geometry optimizations w ere performed using the three-parameter hybrid density functional method of Becke (termed "B3LYP") (22) as implemented in the Gaussian 03 set of programs (23) . The unrestricted formulation was used, i.e., "UB3LYP". Stationary points were optimized and characterized using algorithms involving analytic calculation of the first and second derivatives of the energy. Numerical integrations were performed using the default "line" grid of Gaussian 03, consisting of 75 radial shells and 302 angular points per shell, and the Gaussian 03 default values were chosen for the self consistent field (SCF) and geometry optimization convergence criteria. Thermochemical values were computed within the harmonic-oscillator, rigid-rotor, and ideal-gas approximations. The B3LYP-optimized geometries were subjected to single-point (SP) energy and properties calculations. The SP calculations were performed using the "fine" grid described above and the SCF procedure was converged to a RMS change of the density matrix below 1.0-10 \ The basis sets that were used for the geometry optimizations (termed Table 1 . Cofactor and substrate distances to the active site iron observed in different PAH complexes. Cofactor" and substrate'
1 ' distances to the active site iron. The number of iron-coordinated water molecules"' are listed. Results obtained from NMR are commensurate with a model where one water molecule' 1 ' is coordinated to the iron when both substrate and cofactor are present. Observed distance ranges 0 from the MD simulations in (34) and unpublished results" from a 500 ps MD simulation of L-Phe in complex with hPAH are given. The distances observed in the average structure from the simulations are also tabulated 51 . MD simulations were performed without solvent present, but also with two water molecules restricted to be coordinated to the iron 1 " (34) . cvPAH, C.vio/aceum PAH; hPAH, human PAH; rPAH, rat PAH.
Distance from iron [Ä]
Coord (26) . Dielectric effects from the surrounding protein were included in these SP calculations using the SelfConsistent Isodensity Polarized Continuum Model (SCI-PCM) (27) . The solute cavity was defined by the 0.00001 au isodensity surface.
Results and Discussion
The BH 4 Binding Site The cofactor binding pocket in PAH is located at the bottom of the hydrophobic active site opening. BH 4 (Fig. 1 ) phenylalanine (Phe254) and the N3 and the amino group at C2 hydrogen bonds with the carboxylic group of a conserved glutamate residue (Glu286). In the crys-Teigen Κ. eí al.: The Reaction Mechanism of Phenylalanine Hydroxylase tal structure of the binary PAHBH 4 complex these hydrogen bonds are water-mediated (6). The subsequent crystal structure of the ternary complex of PAH with the substrate analogue thienylalanine (THA) and BH 4 still shows one water molecule bridging the interaction between the cofactor and the iron (7). However, in a repeated study with higher resolution, the coordinating water molcculc was omitted in the final model building (8) and the cofactor is actually placed in the first, not the second, coordination sphere of the iron atom (Table 1. ). This latest crystal structure and the corresponding distance from the cofactor to the iron is more in agreement with our previous model of the ternary complex obtained by NMR and molecular docking (4) ( Table 1. ). It has been shown in other iron containing enzymes that exclusion of water molecules from the active site is essential for efficient enzymatic function. For example, upon substrate binding, water has to be displaced from the active site of cytochrome P450 to prevent reaction uncoupling that could result in production of hydrogen peroxide (28) .
The L-Phe Binding Site
The crystal structures of PAH in complex with a substrate analogue, i.e. THA (7. 8) and norleucine (NLE) (8) , show binding at the same distance and position from iron as reported by NMR (29) (see Table 1 for Ca-iron distances). His285 and Trp326 are involved in stacking interactions with the aromatic ring of the L-Phe substrate, while Arg270, Ser349 and Thr278 interact with the charged α-groups of the substrate. Because of the slightly different orientation of the α-amino group in L-Phe and THA, it has been argued that they interact somewhat differently with the protein (7). However, these differences are within the experimental error of both techniques, and the binding mode found by the two techniques is identical for all practical purposes.
The Oxygen Rinding Sire
Attempts to elucidate the oxygen binding mode have so far been unsuccessful. However, crystallography studies of PAH in complex w ith substrate analogues (THA and NLE) and BH 4 together with CO have been reported (8) . Some undefined electron density that could be derived from CO was observed close to the iron atom and, according to the authors of this work, this density could be in agreement with traces of side-on bound CO (8) . However, this electron density was omitted in the final model building. Side-on binding of molecular oxygen to iron has been observed in naphthalene dioxygenase (30) and it seems plausible that dioxygen could interact with the iron atom in a similar manner in PAH.
Density Functional Theory
Calculations In order to investigate possible mechanistic implications from the iron coordination environment with few or no water ligands present as deduced from NMR studies (4) as well as from the most recent model from crystallography (8) , wc have embarked on quantum chemical investigations. We have followed a modelling-strategy close to that recommended by Siegbahn for quantum chemical gas-phase calculations on the catalytic centers of metalloenzymes in general (3 1 ) and also as applied in particular in the study of the reaction catalyzed by PAH performed by the same research group (11,21). Thus, imidazole is used as a model for histidines, whereas glutamates are modeled by formates. Also, 5,6,7,8-tetrahydropterin is used instead of the (6R)-erythro-5,6,7,8-tetrahydrobiopterin (BH,) (Fig. 1), i.e., the (ClI(OII)) 2 CH 3 -substituent in position C6 is replaced by a hydrogen atom for reasons of computational efficiency. Details of the DFT calculations can be found in the Methods section.
We have started by investigating the interaction betw een the iron site and dioxygen and the pterin cofactor. In the crystal structures, iron is coordinated by His285 and His290, and one bidentate carboxylate (Glu330), here modeled by two imidazole ligands and one formate ion (Fig. 2) . The more distant Glu286 is also included as a formate ion, resulting in an overall neutral model. No water molecules were included (see above). The geometry optimizations of the dioxygen complexes immediately reveal that the iron atom has considerable affinity for the pterin cofactor. In the septet ground state (S = 3. M = 7), the geometry optimization reduces the Fe-04 distance from 3.12 A (the distance in the crystal structure) to 1.92 A (see Fig. 2 ). The resulting complex contains a relatively strong Fe(II)-pterin dative bond, whereas the formate iigand now bonds in a monodentate fashion. The original four-coordinate iron complex is thus still four-coordinate, not counting dioxygen. The complexation of the latter molecule should be termed side-on rather than end-on, although the Fe-O distances (2.28 and 2.51 A) reveal a slightly asymmetric bonding mode.
Implications for the Reaction
Mechanism The structural model previously employed to investigate the reaction mechanism by Bassan et al. ( 11, 2 1 ) was based on the crystal structure solved for the binary complex of PAH with L-erythro-7,8-dihydrobiopterin (BH 2 ) (5). The quantum chemical calculations involved a pterin-peroxo intermediate where the dioxygen bound end-on to the active site iron atom, bridging the interaction with the pterin cofactor. A heterolytic cleavage of the dioxygen bond then gave rise to a hydroxylated cofactor and a Fe(IV)-oxo intermediate that subsequently drove the incorporation of oxygen in the amino acid substrate. On the other hand, a side-on binding of dioxygen to the iron as assumed in this work would imply that the cofactor would have to be closer to the iron to be an acceptor for one of the oxygen atoms. A closer association between the metal atom and the cofactor is already suggested by NMR and molecular modelling and by the most recent crystallographic studies (Table 1) . and the pterin might in fact be directly coordinated during catalysis, as depicted in Fig. 3 . Cleavage of the dioxygen molecule could then give rise to simultaneous hydroxylated L-Phe and BH 4 , in agreement with the finding that both substrates are being released at the same time ( 1 ). There are some very important differences observed in our DFT results as compared to the study by Bassan et al. (21) . Although only one Fe-O distance is reported in the study by these authors, their septet dioxygen complex appears to be significantly more asymmetric (thus endon) as judged from the figures given in the paper. On the other hand, the presently obtained electronic structure of the iron complex agrees well with that reported by Bassan et al. The formal electronic configuration is best described as a hybrid between the forms Fe-0 2 and Fe 5 O 2 . The spin on iron is 4.04 and the total spin on dioxygen is 1.53. Our results in this context, in particular regarding the initial iron-pterin bond formation, appear to be in stark contrast to those of Bassan et al., and it must be stressed that this discrepancy is mainly a result of the different starting points, i.e. different Xray crystal structures have been used when building the models. The present calculations are based on a structure without the presence of water ligands and the coordination of the pterin at the expense of the second oxygen of the formate ion suggests that the iron has a surprisingly high affinity for the pterin keto-function. Both the tight iron-cofactor association and the side-on binding of dioxygen suggest that oxygenation ot the substrate and the pterin might, in fact, take place in concert. The transition state (TS) for such a reaction would involve the simultaneous binding of L-Phe. molecular oxygen and BH 4 (a sketch of such a hypothetical TS is given in Fig. 3 ). Such a TS does not only indicate why all the reagents need to be bound for catalysis to occur, but might also offer a molecular explanation for the fact that some cofactor analogues give rise to uncoupling of the reaction. It is well known that some cofactor analogues result in an unproductive catalytic reaction, where the relative amount of oxidized cofactor exceeds the amount of hydroxylated substrate ( 1 ). The acceptor for the second oxygen atom is believed to be water, and hydrogen peroxide is the product of this hydroxylation. It is difficult to explain how an altered configuration of the cofactor gives rise to an uncoupled reaction in the mechanism by Bassan et al. in which the generation of the hydroxylating intermediate (the Fc-lV-oxo species) is postulated to occur prior to hydroxylation of the substrate. Thus, the hydroxylation of the cofactor and the substrate are imagined as separate events. Once generated, the subsequent fate of the Fe-IV-oxo intermediate should not be dependent on the cofactor involved in generating it. unless the proper binding of the substrate is dependent on the structure of the cofactor. How e\ er. the hydroxylating intermediate as depicted in Fig. 3 is compatible with the finding that an altered configuration of the cofactor results in a slightly altered conformation (and thus to a higher energy) of the pterin-peroxo-iron TS and an altered orientation of the substrate. With such a concerted TS, it is probable that water could then approach and be a plausible acceptor of the oxygen atom, thus explain the decoupling of the reaction. It should be emphasized that even if the reaction mechanism presented here differs from that postulated by Bassan et al. and others, both mechanism do not need to be mutually exclusive. It has been shown for other systems that a single reaction might follow several different pathways. For instance the proton transfer in bacteriorhodopsin has been shown to be able to progress through several different pathways with very similar energy barriers (32) . It could be possible that PAH is able to hydro.xylate L-Phe by more than one mechanistic pathway.
It is important to note that the current calculations do not take into account the protein environment (except for polarization effects, see the Methods section) and hydrogen bonds connecting our iron site model to the macrotnolecule. The presently obtained tight iron-pterin complex indicates that hydrogen bonds between the pterin and nearby residues as well as significant rigidity in the latter would be needed in order to avoid coordination of pterin to the iron atom. Formation of an iron-pterin complex such as found in the present study could be relevant to the mechanism of the AAH and more detailed calculations of the ironpterin interaction should therefore be undertaken. Nevertheless, accurate calculation of the delicate balance between bidentatc complexation of carboxylate and formation of an iron-pterin bond would involve \ery elaborate QM/MM calculations and must be left for future investigations. 
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